Lean ethanol-water/air mixtures have potential for reducing NO x and CO emissions in internal combustion engines. Igniting such mixtures is not possible with conventional ignition sources. An improved catalytic ignition source is being developed to aid in the combustion of aqueous ethanol. The operating principle is homogeneous charge compression ignition in a catalytic pre-chamber, followed by torch ignition of the main chamber. In this system, ignition timing can be adjusted by changing the length of the catalytic core element, the length of the pre-chamber, the diameter of the pre-chamber, and the electrical power supplied to the catalytic core element.
INTRODUCTION
Lean burning in piston engines affords a means of achieving important environmental and fuel economy objectives. The need to overcome the difficulties related to lean burning originally spurred the development of the catalytic igniter [1] . The primary drawbacks of traditional lean burn engines are de-rated power output per unit displacement and incompatibility with oxidation/reduction catalysts used in conventional exhaust clean-up systems [2] . The catalytic igniter was devised to overcome these problems. A variety of converted engines have shown increased power output and thermal efficiency, while extending lean-burn limits, and reducing emissions [3, 4] .
Over the last five years the University of Idaho along with Automotive Resources, Inc. has combined this catalytic igniter design with aqueous fuel technology to capture many of the benefits of lean burning without sacrificing power output, and emissions. The fuel in this study is a mixture of 30% water and 70% ethanol. Because ethanol readily adsorbs water, no special processes are necessary to make this fuel. Previous screening tests with small spark ignition engines (less than 1000 cc) modified for aqueous fuel have indicated dramatic reductions in NO x and hydrocarbon emissions. Detailed understanding of combustion physics is necessary to successfully scale up characteristics from small, low compression engines to larger high compression engines. The modeling and experimentation efforts described in this paper have been undertaken to build this understanding.
Igniting aqueous fuels requires a larger ignition source than gasoline or diesel fuels. A high-energy spark can initiate ignition, but the water in the cylinder quickly extinguishes the flame. Standard compression ignition of aqueous fuels has been unsuccessful due to problems controlling ignition timing. The catalyst provides a reliable and controllable ignition source that promotes thorough combustion of the mixture in the main chamber.
There are several papers on the benefits of water mixed in fuel, including research with ethanol. Successful cold starting of engines with more than 20% water in the fuel is not found in the literature. After warm-up without water injection, many HCCI engines require inlet air pre-heaters to continue operation after water injection begins [5] [6] [7] [8] . Catalytic ignition is capable of cold starting engines with as much as 50% water in the fuel, and the energy used to heat the catalyst is minimal.
CATALYTIC IGNITER CONCEPT
The catalytic igniter is a self-contained ignition system that may be retrofitted to existing Spark-Ignition (SI) and Compression-Ignition (CI) engines. An exploded view of the system and its parts is illustrated in Fig. 1 . The catalytic igniter consists of a ceramic rod with an embedded heating element and a coating of noble metal catalyst. Cold starting requires up to 25 watts/igniter from an external power source (12 volt) . Upon reaching operating temperature, the ignition process is selfsustaining and no longer requires power from an external source. The catalytic core is enclosed in a custom-machined brass shell that forms a pre-chamber adjacent to the main combustion chamber. The shell fits into existing spark plug holes on SI engines, or direct fuel injection ports on CI engines.
Figure 1 -Exploded view of catalytic igniter
Ignition begins as fresh mixture contacts the catalyst during the compression stroke. Because of the reduced activation energy associated with heterogeneous catalysis, this occurs at temperatures far below the normal gas-phase ignition temperature [9] . Combustion products and intermediate species then accumulate in the pre-chamber surrounding the catalytic core. After sufficient temperature is achieved due to compression, multi-point homogeneous ignition results [9, 10] . The mixture is then rapidly expelled through the nozzles at the bottom of the igniter. The nozzles direct the flame to ignite the entire combustion chamber in an exceedingly short period of time. The resulting flame pattern is illustrated in Fig. 2 . With any homogeneous charge compression ignition engine, controlling ignition timing is a critical problem. Early experimental work explored a mechanical means of controlling catalytic ignition. Adjusting the position of the catalyst in the pre-chamber had a large effect on ignition timing. A mathematical model was created to simulate conditions in the catalytic igniter and to help conceptualize the trends observed. This model also permits parametric studies of compression ratio, catalyst surface temperature, and percent water content.
CATALYTIC IGNITION MODEL
The first iteration of the model was created for determining sensitivity of ignition timing to various parameters. The model presented here is not meant to be predictive, but was designed to identify qualitative behavior of ignition timing. Future iterations of the model will use three-dimensional modeling and more complete reaction mechanisms to more accurately predict ignition timing and emissions. This first attempt to simulate catalytic ignition of aqueous fuels uses a lumpedparameter model created by dividing the catalytic igniter in to three zones [11] . In the model, each zone is assumed to be perfectly stirred (i.e. characterized by a single temperature and fuel concentration for each zone) and situated as in Fig. 3 . Zone I is the pre-chamber region in front of the core; Zone II is the pre-chamber region that surrounds the catalytic portion of the core. This is the only zone where catalytic surface reactions take place. This is also the only zone where electrical heating is possible. Zone III is the pre-chamber region that surrounds the non-catalytic portion of the igniter core. Only gas-phase reactions take place in this region. Because the total nozzle area and pre-chamber area are similar, pressure is assumed to be constant across all zones and determined by piston position. Mass is progressively transferred from Zone I through Zone III as the piston moves upward. The temperature and fuel concentrations in each zone are governed by equations of mass and energy conservation. Gas-phase ignition timing is arbitrarily defined as the crank angle when the gas-phase reaction rate exceeds the surface reaction rate. It is assumed that reactions on the catalyst surface are mass transfer limited, and therefore nearly constant. Gas-phase reactions obey an
Ė zone is the time rate of change of sensible energy within a particular zone. Ė core is the heat transfer from the catalytic core element to the gas mixture. Ė wall is the heat transfer from the gas mixture to the pre-chamber wall. Ė comp is the compressive work done on the system by the piston. Ė trans is the sensible heating/cooling from mass transfer between zones. Ė hom is the sensible heating from homogeneous reactions. Ė het is the sensible heating from heterogeneous reaction.
A detailed description of each term in the energy equation is given below. In the following equations "i" is an index from 1-3 indicating that the equation applies to each zone. The subscript "j" is an index that denotes particular chemical species. Ė zone can be used to determine the instantaneous temperatures in each zone. This results in Eqn. 2, which is a differential equation for temperature. In this equation, m is the mass in the zone, and C v is the average specific heat for the mixture. Ė core and Ė wall are assumed to follow a simple convection model. We chose to use an average value for the convective heat transfer coefficient (h). Surface areas, A surf_core , and A surf_prechamber , are the circumference of the parameter times the length of the zone. T core is temp of catalytic core element and T is the instantaneous temperature of the gas mixture in the particular zone. Eqns. 3 and 4 show the formulas for Ė core and Ė wall .
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Ė comp is assumed to follow a polytropic process. For an open system this term is a function of the volume of each zone and the time rate of change of pressure as shown in Eqn. 5. Ė trans accounts for mass flux entering and leaving each zone. Each species concentration, specific heat, and associated enthalpy is tracked. Eqn. 6 shows the formula for sensible heating/cooling due to mass transfer. A x is the cross sectional area available for mass transfer. Enthalpy H is summed over all species and is a function of instantaneous temperature. M refers to molecular weight, and c refers to concentration. v is the transport velocity. We assume that this interface velocity is a function of piston location and speed as shown in Eqn. 7. dt dp Vol E
In this equation X is the location in the igniter measured from the feed through end, L is the stroke, and U is the instantaneous piston speed as shown in Eqn. 8. In this equation θ' is the angular crank speed, θ is the crank angle, and R is the ratio of the connecting rod to crank radius.
The rates of reaction are tracked using a simplified two-step model. Ė hom represents energy liberation from a two-step reaction mechanism. These are modeled in Eqn. 9. In the first step, ethanol oxidizes to H 2 O and CO. In the second step, the CO is oxidized to CO 2 [12] . LHV is the lower heating value, and k is the corresponding reaction rate constant [13] . Ė het applies only in Zone II where the catalyst is present. This describes the surface reaction. In Eqn. 10 C area is the concentration of active sites on the catalytic surface and S is a sticking coefficient that describes the statistical probability that a molecule will stick and react on the catalyst surface.
In order to determine reaction rates, the concentrations of species in each zone are necessary. 
MODEL VALIDATION
Equations outlined in the previous section were implemented numerically in a Matlab model. Solutions began at the start of compression and proceeded until Ė hom exceeded Ė het . This is the definition of homogeneous ignition because Ė hom becomes nearly asymptotic as seen in Fig. 4 . The crank angle where this occurs is taken as the point of gas phase ignition. The model uses parameters from the Yanmar test engine recorded in Table 1 . The model keeps track of the reaction rates in each zone as a function of crank angle and records the angle of ignition. The primary output of the model is the point of ignition, and several plots of reaction rates, concentrations, and temperatures in each zone as a function of crank angle. A plot of the ratio of heterogeneous to homogeneous reaction heat release with respect to the crank angle is shown in Fig. 4 . The heterogeneous surface reaction is nearly constant and is not able to initiate ignition alone. The homogeneous reaction rate starts very low, but increases exponentially past the heterogeneous rate. It is assumed that ignition follows very shortly once the homogeneous rate exceeds the heterogeneous rate. In Fig. 4 the homogeneous reaction rate was divided by the heterogeneous reaction rate at each crank angle to determine the ratio. The value of 1 on the y-axis represents when the homogeneous reaction rate exceeds the heterogeneous reaction rate. Plotted alone, the heterogeneous surface reaction rate is a nearly straight line with slight positive slope. The input conditions modeled in Fig. 4 are the physical engine geometry, an air/fuel equivalence ratio of 0.60 and an engine speed of 2000 RPM. By our arbitrary definition of ignition timing, the point of ignition can be seen at about 15 degrees before TDC. The catalytic ignition model was verified with data collected from a 15 kW Yanmar Diesel converted to operate on water-ethanol fuel using catalytic ignition. The specifications for this engine are in Table 1 . Aside from the catalytic igniter replacing the direct injection fuel injector, the major changes to the engine involved fuel handling.
Catalytic ignition conversions have been done on both SI and CI engines. All of the catalytic ignition engines are homogeneous charge. Engines converted from SI platforms control load by throttling an air/fuel mixture. The air/fuel ratio remains nearly constant across all operating conditions. As such, converted SI platforms differ only in the ignition mechanism. In these engines, catalytic ignition allows the use of fuels not normally sustained by spark ignition. Engines converted from CI platforms are not throttled. In these engines, load is controlled solely by changing the amount of fuel delivered to the engine. The volume of air/fuel mixture in the cylinder remains nearly constant for all conditions, but the air/fuel ratio itself varies. However, fuel is injected in the intake manifold and allowed to mix upstream of the combustion chamber. Consequently, converted CI platforms operate in a homogeneous charge mode over a wide range of air/fuel equivalence ratios. The Yanmar conversion described in this paper was formerly a CI engine. Common rail injection was added to the original intake manifold and controlled by a programmable fuel injection computer. Fig. 5 shows the experimental apparatus used to collect data from the converted Yanmar engine. The head on the conversion engine was modified to accept pressure transducers to obtain in-cylinder pressure readings for each cylinder. These are flush mounted in the head, but were installed through sleeves in the head cooling passages. Because of this cooling, special purpose transducers with full Envar bodies are capable of undistorted operation at the lower combustion temperatures associated with water-ethanol/air mixtures. A 1000 pulse/revolution optical encoder was used to trigger readings from the pressure transducers. This gives a reading every 0.36° of crank angle. A waterbrake dynamometer with computer load and fuel control was used control the engines for all tests. Pressure and crank angle were recorded with a 200 kHz data acquisition system and fed to a PC for post processing. Monitoring three cylinders allows each cylinder to collect data at 66 kHz, which is adequate for sampling up to 4000 RPM. A 4-channel wide band air/fuel sensor is used for measuring the equivalence ratio of the mixture in the engine. Three of the sensors monitor individual cylinder mixture, while the fourth measures the average of all the cylinders after the exhaust collects. A five-gas emissions analyzer also provides redundant air/fuel ratio measurement of the total exhaust flow.
The above setup provides instantaneous pressure as a function of crank angle and air/fuel equivalence ratio measurements. Fig. 6 shows typical pressure traces of each cylinder along with a motoring trace without ignition for the converted Yanmar engine. Engine conditions for this figure are the same modeled in Fig. 4 (2000 rpm and equivalence ratio of 0.6). In Fig. 6 the axes have been cropped to show detail around the point of ignition. Actual ignition is taken as the crank angle where the pressure trace departs from the motoring trace. In this example, the ignition timing is about 17° BTDC.
When running under lean (i.e. low load) conditions, the peak pressure is significantly lower than under high load conditions. Peak pressures under high load are over 7500 kPa. Data were compared with ignition timing predicted by the model. The results are shown in Table 2 . Four quadrants were targeted: high-speed high-load, lowspeed high-load, high-speed low-load, and low-speed low-load. For the qualitative first-order model developed here, the results follow trends similar to the actual engine. 
RPM
Equivalence ratio 0.6 17° BTDC 17° BTDC Equivalence ratio 0.8
10° BTDC 12° BTDC
This was the first of several planned iterations on a catalytic ignition model. Refining the mass transfer between regions is necessary for a more accurate assessment of species concentration. Some variables like the convection coefficient should be a variable of velocity instead of an averaged constant value. Similarly, investigating radiation heat transfer and how it affects ignition timing will be considered. The model would also benefit from more detailed reaction chemistry. This would allow us to optimize the igniter for other types of fuels. This model will eventually expand to include gas dynamics in the igniter as well as the main chamber
PARAMETRIC STUDIES
Sensitivity studies on the parameters affecting ignition timing are valuable in guiding future generations of catalytic igniter designs.
Empirical data shows changes in igniter length, catalyst surface temperature, and compression ratio impact ignition timing. The model described here allows the user to rank the relative importance of these parameters.
Results from parametric studies are shown in Table 3 .
The parametric studies were performed around parameter values representing the current design. These ranges were:
• Igniter Length 38 -50 mm • Surface temperature 700 -1500 K • Compression ratio 6.0 -22.0 C R • Water content 0 -50 %water by vol. Changing igniter core length changes the crank angle where the fresh mixture first contacts the catalytic surface. Until recently, this was the main means of controlling the ignition timing in the converted engines. However, this does not allow for ignition advance at increasing engine speeds. Typically ignition timing should advance with engine speed, and retard with load so that peak pressure is reached at or shortly after TDC.
Altering surface temperature controls the rate of reaction on the catalyst. The higher the catalyst temperature, the earlier ignition will occur. Currently surface temperature is not regulated. For cold starting and idle conditions a constant power of 25 Watts/igniter is supplied to heat the catalytic surface. At higher speeds and loads the catalytic surface retains enough heat to be self-sustaining without electric heating. The parametric study shows that controlling the catalyst temperature has potential for improved ignition control.
Dynamically changing compression ratio is not feasible for most engines without significant modifications. However, because conversions are done on both CI and SI engines, knowing how compression ratio effects ignition timing will help create the right geometry for the various engines that will be converted. Currently, igniters for high compression ratio engines are much shorter than low compression ratio engines, which agree with the model predictions.
The catalytic igniters have successfully demonstrated cold start operation and supported combustion of ethanol-water mixtures up to 50% water.
Dynamic control of water content would be possible if the fuel and water were handled in separate injection systems. While there may be other benefits in the areas of emissions or combustion efficiency, changing water concentration appears to have an insignificant effect on ignition timing. However, water content will have an effect on the rate of combustion after the onset of ignition.
ENGINE PERFORMANCE
To further evaluate the performance and emissions of catalytic ignition with ethanol-water fuel, two 15 kW Yanmar diesel engines were acquired. Both were rebuilt and tuned, and neither was equipped with exhaust cleanup devices. One was left in stock condition, while the other was converted to catalytic operation. Changes made to the converted engine were:
• Replacing diesel injectors with catalytic igniters;
• Adding programmable common rail fuel injection to the intake manifold;
• Machining cylinder head for pressure sensors; and
• Milling the head to maintain the same compression ratio as the stock engine because [of] the additional volume of the catalytic prechamber.
Both engines were tested using the same protocol. Full range RPM sweeps were done at constant throttle settings between 50% and 100% in 5% increments. Data recorded was: Engine Speed, Corrected Power, Torque, Fuel Flow Rate, Exhaust Velocity, Exhaust Temperatures, Air/Fuel Ratio, and Concentrations of O 2 , NO x , CO, CO 2 , and HC [10] . This was done to make comparisons of the two engines under a multitude of operating conditions.
Comparisons of Brake Mean Effective Pressure (BMEP) and corrected shaft power for the two engines are shown in Figs. 7 and 8 . Because of faster pressure rise in the cylinder from combustion of a homogeneous mixture, the converted engine displays an increase in BMEP over all engine speeds. Improvements over the stock configuration at full load ranged from 9% and 33%, in BMEP and maximum power.
The stock engine was not designed for operation over 3000 RPM. In the stock engine this is controlled by mixing limitations in the combustion chamber. However, the converted engine does not suffer this limitation. The homogeneous mixture in the converted engine combusts much faster than the spray in the stock engine. For safety reasons, the engine management computer was programmed to cut fuel to the converted engine past 3000 RPM. Without this limitation, increased engine speed is likely in the converted engine. However, rotating assemblies probably would require modification to safely operate at these speeds. It seems counter-intuitive that the ethanol-water converted engine would produce more power. This is possible because the flow rate of fuel is much greater for ethanol-water than diesel. At full power, the diesel engine operates lean, but because of the slow diffusion burn, there is not adequate time to combust any additional fuel. The homogeneous charge ethanol-water engine, on the other hand, produces peak power operating slightly rich (equivalence ratio of 1.1). The heating value of the 70-30 ethanol-water mixture is calculated at 17.4 MJ/kg, making it 42% lower than diesel fuel at 41.4 MJ/kg [14] . Because of this, comparisons of net indicated efficiency are used to compare two engines. Net indicated efficiency is defined as engine power divided by the product of the mass flow rate of fuel and the heating value of the fuel. These comparisons are given in Tables 4-7. For ease of comparison, four zones of operation were targeted to display results. Engine speeds of 1750 RPM and 2750 RPM were chosen to represent low and high speed operation. BMEP values of 500 kPa and 720 kPa were chosen for high and low load points. These four points were within the operating ranges of both engines.
The stock diesel engine has a maximum efficiency of 35% around 2000 RPM and between 50% and 90% of maximum torque. However, at higher loads the net indicated efficiency is in the range of 23% to 28%. The converted engine has a higher maximum efficiency of 42%, but this occurs over a narrower speed range around 1750 RPM and between 70% and 80% of maximum torque. Under full load conditions the efficiency of the converted engine ranges from 32% to 35%. Net indicated efficiency for the converted engine is lower under low-load conditions where the air/fuel mixture is very lean, and the flame is easily quenched. Poor combustion efficiency is likely the cause of lower efficiency and higher emissions in this operating range.
EMISSIONS
Improving engine efficiency and reducing undesired exhaust emissions is the ultimate goal of this research. At this stage we have demonstrated an increase in net indicated efficiency, with improvements in several exhaust species. However, there is still more work necessary to curb HC and CO emissions. Data was collected on brake-specific emissions of CO, CO 2 , NO x , and HC's for both engines. The results are also displayed in Tables 4-7 . Carbon monoxide emissions were highly dependant on engine operating conditions. The stock diesel engine has a distinct minimum in the mid-load, high-speed range, but CO emissions increase significantly outside of this range. The converted engine has minimum CO at the higher loads, but has greater CO emissions than the diesel at low loads. The high CO emissions at low load are likely due to incomplete combustion of the lean mixtures. However, due to the water-gas shift mechanism, extra water present in combustion helps reduce CO emissions at higher loads. CO 2 is a greenhouse gas, but it is important to note that ethanol is a bio-fuel. Because bio-fuels absorb CO 2 in their life cycle, the net global production of CO 2 from burning a bio-fuel is much lower than from a fuel pumped from the ground. The converted engine showed a notable increase in tailpipe emissions of CO 2 when compared to the diesel engine. Ethanol-water mixtures have similar carbon content per unit mass as diesel fuels. However, for similar power output, the converted engine is using almost twice the amount of fuel.
Studies on water injection to reduce NO x have been done since the 1970's. Water present in combustion helps keep combustion temperatures down, hence leading to decreased thermal NO x formation. The converted engine shows an order of magnitude reduction in NO x emissions over all ranges. Low levels of NO x are atypical of an engine with 17:1 compression ratio. In the converted engine, this is associated with a significant reduction in the exhaust gas temperature. Maximum NO x concentrations for the converted engine were barely over 100 ppm, with minimums being below the detection threshold 10 ppm. NO x reduction without after treatment was a primary goal of this research.
Hydrocarbon emissions typically indicate unburned fuel. Because of the nature of a direct injection diesel, low HC emissions are expected, particularly under low load and speed conditions. As mixtures become closer to stoichiometric, diesel engines tend to produce greater HC emissions. The stock Yanmar engine never emitted more than 30 ppm HC. HC's from the converted engine are very high, even for an HCCI engine. Peak values were nearly two orders of magnitude greater than the diesel engine at 2700 ppm. This would suggest that there is a significant amount of fuel not being burned in the combustion chamber. This is due to excessive quenching. The pistons in both engines are inverted bowls designed for direct injection diesel combustion. The top of the piston that is not bowled gets closer to the head than the quench distance, and does not allow the air/fuel mixture in this region to ignite. Another concern is the formation of aldehydes that are byproducts of ethanol combustion. These register as HC's on the measurement equipment. Hydrocarbons are simple to clean up with modern after treatment, but significant improvements can be made in-cylinder to reduce HC emissions. Changing piston design in the converted engine to one more typical of a homogeneous charge engine shows promise in lowering HC emissions before exhaust cleanup.
CONCLUSION
Catalytically assisted combustion of fuel-water mixtures represents a new paradigm for piston engine development. Instead of reducing pollutants with aftertreatment systems at the expense of engine performance, the formation of pollutants is controlled at the source by chemical and gas dynamic modifications of the in-cylinder combustion process.
The catalytic combustion process studied in this research consists of the following steps.
• Catalytic surface oxidation during the compression stroke at temperatures far below the normal gas phase ignition temperature;
• Accumulation of combustion products and active radicals in a small volume adjacent to the catalyst;
• Multi-point, compression ignition of gas mixture in the pre-chamber surrounding the catalyst near top dead center; and
• Rapid torch ignition of the fuel/air mixture in the main chamber.
Our catalytic ignition model represents the first three steps in this combustion process. Model predictions qualitatively agree with in-cylinder pressure data collected from a 15 kW Yanmar engine converted for catalytic operation. Our long-term goal is to expand this ignition model to include all four steps in the combustion process. The model has provided valuable insights about what parameters may be used to effectively and efficiently control ignition timing.
Catalytic igniters allow ignition of fuels not possible with conventional ignition sources. While the initial drive was for reduced emissions, an increase in power density and torque are possible using this technology coupled with ethanol-water fuel. This is done while increasing overall engine efficiency, but requires increased fuel flow and storage capacity. Modifications to further increase combustion efficiency are underway. Replacing the bowl pistons with shorter flat top pistons is expected to reduce the quench area on the converted engine. This should significantly reduce HC emissions.
The original goal of reducing NO x in lean burn, high compression engines has been realized in the current conversion. In this research, it is important to remember that that no after treatment has been used to clean the exhaust emissions. The goal has been to control emissions at the source. There remains room for improvement of CO and HC emissions. Future incylinder modifications promise to reduce these emissions. However, these can also be cleaned up with OEM after treatment systems.
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